Forward genetic screens have identified numerous proteins with critical roles in neurotransmission. One particularly fruitful screening target in Drosophila has been TS (temperature-sensitive) paralytic mutants, which have revealed proteins acutely required in neuronal signalling. In the present paper, we review recent insights and current questions from one recently cloned TS paralytic mutant, rbo (rolling blackout). The rbo mutant identifies a putative integral lipase of the pre-synaptic plasma membrane that is required for the SV (synaptic vesicle) cycle. Identification of this mutant adds to a growing body of evidence that lipid-modifying enzymes locally control specialized lipid microenvironments and lipid signalling pathways with key functions regulating neurotransmission strength. The RBO protein is absolutely required for phospholipase C signalling in phototransduction. We posit that RBO might be required to regulate the availability of fusogenic lipids such as phosphatidylinositol 4,5-bisphosphate and diacylglycerol that may directly modify membrane properties and/or activate lipid-binding fusogenic proteins mediating SV exocytosis.
Introduction
The chemical synapse is a highly evolved secretory apparatus which relies on specialized molecular machinery for rapid, high-fidelity translation of an excitatory electrical signal into neurotransmitter secretion. This process requires the elaborate orchestration of both protein-protein and proteinlipid interactions during the SV (synaptic vesicle) cycle coupling exocytosis and endocytosis. SVs filled with transmitter molecules are 'docked' to morphologically and molecularly specialized fusion sites within pre-synaptic active zones. A macromolecular complex forms around the core trimeric SNARE (soluble N-ethylmaleimide-sensitive fusion protein attachment protein receptor) complex; vesicles are 'primed', poised to respond to a Ca 2+ transient to effect fusion [1] . Fusion involves regulatory lipids, lipid partitioning/ remodelling and the action of fusogenic proteins, possibly including SNAREs, Rab GTPases and their effectors, and SM (Sec1p-like/Munc-18) proteins [2] . Late stages of fusion may involve yet another cadre of dedicated proteins, such as the Vo complex and the Vtc complex [3] . Rapid recycling of lipids and proteins is essential to frugally and faithfully maintain release during sustained transmission. SV endocytosis may involve the immediate fission of the fusion pore ('kiss and run'), or slower recovery following complete fusion involving the clathrin-mediated retrieval of membrane proteins and lipids from the plasma membrane ('compensatory'). This review first briefly discusses contributions that past classical genetic screens have made in identifying novel players in this SV cycle. We then will focus on one recently identified mutant, rbo (rolling blackout) [4] , and the new insights it is providing into the molecular mechanisms of neurotransmission.
Geneticists have two critical roles: (i) to test biochemical models in vivo through the directed knockout of known proteins ('reverse' genetics) and (ii) to screen for new proteins through random mutageneses ('forward' genetics). To reveal novel mechanisms of the SV cycle, screens in the soil nematode Caenorhabditis elegans and the fruitfly Drosophila melanogaster have used a 'phenotype-to-genotype' approach, relying on predictable behavioural manifestations caused by disruption of genes required for synaptic function. Worm screens for mutations that disrupt the normal undulating sinuous worm movement, or that confer resistance to inhibitors of choline esterase, have identified unco-ordinated ('unc') and 'ric' phenotypes respectively. Two seminal examples of genes identified in this way are unc-13 and unc-18, which encode syntaxin-binding proteins critical for SV priming/ fusion. In the fly, a powerful genetic strategy pioneered over 30 years ago involves screening for TS (temperaturesensitive) paralytic mutants. The assumption is that, at restrictive temperature, a heat-labile form of a protein acutely required for neuronal signalling/neurotransmission should quickly terminate nerve-muscle communication and result in paralysis. One important caveat is the introduction of an additional variable (temperature) in the mutant analysis; the interaction between mutant and temperature in neurotransmission cannot always be predicted. TS mutants provide conditional, temporal control of assaying protein function in vivo and greatly reduce concerns of pleiotropy.
Most TS mutants behave normally at 'permissive' temperatures (e.g. 25
• C), but are paralysed upon a shift to a 'restrictive' temperature (e.g. 37
• C) at a rate that tends to reflect the temporal requirement of the gene product. Flies with mutations of ion channels and their regulators paralyse very rapidly (seconds), whereas those with mutations affecting the SV cycle usually paralyse more slowly (minutes). The most highly exploited example of the synaptic TS paralytic mutant approach is shibire ts [5] . This mutation first identified the dynamin family of GTPases and established the essential role of dynamin GTPase in neurotransmission and SV endocytosis [6] . The shibire ts mutation causes a temperaturedependent block in GTPase function, resulting in an activity-dependent depletion of SVs at restrictive temperature. At the ultrastructural level, mutants accumulate electrondense 'coated pits' in the periactive zones of synapses, indicating a specific arrest in SV endocytosis at the plasma membrane fission stage [7] . Although the exact mechanism of action remains controversial, purified dynamin can aggregate to form ring-like stacks that spiral around the stalks of invaginating vesicles in the presence of a non-hydrolysable GTP analogue [8] . Together, these results suggest that dynamin functions as a mechanochemical enzyme undergoing a conformational change upon GTP hydrolysis to pinch vesicles off the plasma membrane. Other TS paralytic mutants have been similarly informative and have added enormously to our understanding of neurotransmission and synaptic function (Table 1) . These unique tools continue to hold great promise to further unravel the mechanisms of the SV cycle.
RBO (rolling blackout): acute requirement in neurotransmission
We recently reported the cloning of a novel TS paralytic mutant, rbo [4] , which was first identified 20 years ago by EMS (ethyl methane sulphonate) mutagenesis [33] . The recessive TS paralysis in rbo ts mutants is due to a single point mutation resulting in a glycine-to-aspartate mutation [4] . A single copy of the wild-type rbo gene introduced by germline transformation into rbo ts flies rescues all behavioural and neural signalling defects. The rbo gene encodes a predicted transmembrane protein, previously identified as cmp44E (conserved membrane protein at cytological map position 44E) [34] . RBO protein is highly enriched within both sensory and central neurons. In the central nervous system, RBO is strikingly restricted to synaptic neuropil, while undetectable in neuronal soma [4] . RBO is similarly enriched at NMJ (neuromuscular junction) synaptic terminals, with a subcellular expression consistent with pre-synaptic membrane localization ( Figure 1 ). Cellular fractionation assays and cell-surface biotinylation indicate that RBO is an integral plasma membrane protein [4] , and hydropathy plots predict that RBO is a two-or three-pass transmembrane protein.
The rbo ts mutant paralyses at 37
• C in a few minutes, indicating an acute, but not immediate, requirement (F.D. Huang and K. Broadie, unpublished work). The paralysis kinetics are similar to those of shibire ts and dissimilar to TS mutants affecting ion channels. For example, paralytic ts , an Na + channel mutation that blocks nerve action potential conduction at restrictive temperature, results in paralysis within seconds (Table 1 ; [9] ). Direct recordings of evoked synaptic responses at the adult DLM (dorsal longitudinal flight muscle) NMJ synapse show a reversible block in synaptic transmission in rbo ts animals within minutes in shifts to/from the restrictive temperature. In paralytic ts mutants, action potential-independent synaptic transmission can still be induced by passive electrotonic depolarization of the nerve terminal [9] . In contrast, in rbo ts mutants, electrotonic stimulation fails to evoke detectable transmission, indicating that the defect is not due to action potential failure (F.D. Huang and K. Broadie, unpublished work). Ultrastructural analyses of DLM NMJs show a dramatic accumulation of SVs in rbo ts mutants after a few minutes at restrictive temperature. Exocytosis appears to be blocked at or near the fusion step itself, as an increased number of docked vesicles are accumulated at pre-synaptic active zones. Our previous studies have revealed similar post-docking exocytosis defects in SNARE mutants (syntaxin and synaptobrevin) and mutants of the SV priming protein Drosophila UNC-13 (DUNC-13) [27, 35] . Moreover, genetic interaction studies show strong synergism between rbo ts and syntaxin ts mutants, suggesting that the two proteins act in the same molecular mechanism (F.D. Huang and K. Broadie, unpublished work). This would place RBO function downstream of SV docking in an essential priming/fusion mechanism required for SV exocytosis.
What is the molecular role for this novel membrane protein? The most informative clue is that RBO contains a well-conserved lipolytic enzyme domain, with the canonical catalytic triad consisting of a histidine, a serine and an acidic residue in the predicted active site [4] . In addition, RBO contains the characteristic pentapeptide repeat GXSXG present in many lipases at the serine active site. RBO protein shows 42% whole-sequence identity with a rat transmembrane sn-1 DAG (diacylglycerol) lipase [36] , its closest characterized homologue. These comparisons predict that that rbo encodes either a DAG lipase or a closely related membrane lipase. However, we have so far been unable to directly confirm specific lipase activity with purified RBO protein expressed in a heterologous system (N. Vijayakrishnan and K. Broadie, unpublished work) using a broad spectrum, non-specific esterase substrate (p-nitrophenol palmitate) or a fluorescently labelled DAG analogue. Numerous things could explain our failure, including difficulty extracting/purifying this membrane protein, loss of a required cofactor or unknown substrate requirements; nevertheless, the possibility that RBO is not an active lipase cannot be excluded.
A particularly informative aspect of the rbo ts phenotype is that phototransduction is eliminated in an activity-dependent manner at restrictive temperature [4] . In Drosophila [32] Not known TS effects on locomotion and phototransduction Not known phototransduction, PLC (phospholipase C) is activated to cleave PIP 2 (phosphatidylinositol 4,5-bisphosphate), generating DAG and IP 3 (inositol trisphosphate). Null mutation of the IP 3 receptor does not detectably impair phototransduction, indicating that DAG or its metabolites PUFAs (polyunsaturated fatty acids) must be responsible for gating phototransduction channels. The rbo ts phototransduction loss and homology data are therefore consistent with the possibility that RBO acts as a DAG lipase or acts at another point in the PLC-dependent PIP 2 /DAG signalling pathway to regulate DAG level. To test this prediction, we assayed lipid levels in rbo ts brain homogenates isolated at permissive and restrictive temperatures [4] . Under restrictive conditions, PIP 2 levels were elevated and DAG levels were decreased in the brain. This might suggest a defect in PLC activity, although there was no difference in the ability of PLC to hydrolyse PIP 2 in the mutant, at least when assayed in vitro [4] . Perhaps RBO regulates the environmental control of PLC activation? For example, the products of DAG lipase activity (PUFAs) are known to activate PLC, and so loss of DAG lipase would be predicted to down-regulate PLC function. Alternatively, lipid-binding assays with purified RBO protein show that it binds directly to PIP 2 , as well as several other phosphoinositides (N. Vijayakrishnan and K. Broadie, unpublished work). It is therefore possible that RBO may regulate the availability or metabolism of these phosphoinositides.
Models of RBO function at the synapse
Our results converge on a role for RBO in a pre-synaptic membrane lipid signalling mechanism essential for SV priming/fusion, possibly at or downstream of the level of PLC activation (Figure 2 ). The localized synaptic synthesis, partitioning and regulated turnover of phosphoinositides such as PIP 2 in circumscribed membrane domains is thought to play critical roles in the SV cycle [37] . Pharmacological disruption of PIP 2 and DAG metabolism/signalling has been shown to sensitively modulate neurotransmitter release. PIP 2 is posited to serve as a lipid anchor for determining vesicle docking sites, in exocytic steps leading to priming and fusion. PIP 2 participates in the formation of the fusion microdomain, serves as an anchor for fusogenic proteins and acts as a precursor for other lipids needed in fusion. DAG promotes the negative curvature of membranes required during fusion and can itself directly induce fusion in vitro. DAG regulation is known to be required for Rab-and SNARE-dependent membrane fusion in vivo as well [38] . Thus RBO may be important in directly determining the local concentrations of fusogenic lipids, or these lipids may act in a regulatory capacity to control the recruitment/activation of fusogenic proteins (Figure 2) . PIP 2 and DAG serve other regulatory functions in the pre-synaptic compartment, which are less directly associated with SV fusion. For example, pre-synaptic P/Q-and N-type voltage-gated Ca 2+ channels are also known to be negatively regulated by PIP 2 [39] . Thus a possible explanation for the transmission block in rbo ts is that elevated PIP 2 inhibits presynaptic Ca 2+ channels, preventing Ca 2+ influx. This model is readily testable in vivo using conventional or genetically encoded fluorescent calcium sensors. DAG has at least two independent pre-synaptic targets: PKC (protein kinase C) and UNC-13. PKC is activated via a DAG-binding C1 domain, and phosphorylates a number of voltage-gated ion channels to modulate excitability [40] . PKC also acts to increase SV recruitment to the readily releasable pool [41] . UNC-13 contains a similar C1 domain and binds to syntaxin to drive SV priming immediately preceding fusion [35] . Depletion of DAG in rbo ts mutants could potentially prevent SV priming and subsequent fusion, leading to the observed transmission defect (Figure 2 ). This mechanism might be critical for the activity-dependent plasticity of transmitter release.
Elsewhere in the SV cycle, phosphoinositides and their metabolites have additional regulatory roles. Focal accumulation of PIP 2 initiates the nucleation of the clathrin coat, by recruiting Synaptotagmin and the clathrin adaptor complex AP-2 [42] . Pinching off the coated vesicle requires the activation of the dynamin GTPase by PIP 2 binding [43] . Once internalized, the dephosphorylation of PIP 2 by the phosphatase Synaptojanin precedes clathrin uncoating [44] . Thus alterations in PIP 2 levels should affect multiple steps in the SV cycle. It therefore seems probable that other SV cycle defects may be present in rbo ts mutants, although studies to date have failed to reveal them.
Unanswered questions
RBO has an acute, essential role in synaptic transmission, mediating the post-docking fusion of SVs. Although the protein is novel, a predicted membrane lipase, intriguing evidence has accumulated to support a role in a neuronal PLCdependent PIP 2 /DAG lipid signalling mechanism. To connect this molecular function with the synaptic requirement, several important unanswered questions remain.
The most obvious questions are: (i) where is RBO acting and (ii) what is the molecular function of RBO? We will use ultrastructural imaging to determine the precise localization of RBO. If RBO is present at the active zone, it is likely to directly modify lipids at the release site. If RBO is more widely distributed, it may function by generally modulating the synaptic plasma membrane lipid environment. We would like to determine why the mutant TS behavioural paralysis and neurotransmission block require several minutes. Does this perhaps suggest that RBO is producing a pool of regulatory lipid that takes time to be 'consumed' in the absence of RBO? Of course, this assumes that RBO is a lipolytic enzyme and that its lipase function is the cause of its requirement. To test this, we are generating active site-directed mutations, and pursuing enzymatic characterization of purified RBO protein.
RBO is essential for PLC-mediated signal transduction, at least in photoreceptor neurons. Is this also true at the synapse? If so, is RBO modulating PLC activity, directly or indirectly, or acting elsewhere in the same pathway? The role of PLC in pre-synaptic function is controversial and needs to be clarified. We are using transgenic methods to express fluorescent-lipid-binding domains in rbo ts mutant synapses, to determine whether lipid changes seen in whole brains are occurring at synapses. Protein domains such as the PH (pleckstrin homology) and C1 domains specifically bind phosphoinositides and DAG respectively and have been used tagged with enhanced green fluorescent protein to show localized PIP 2 hydrolysis and DAG production. Since RBO also binds other phosphoinositides, their contribution to the mechanism must also be considered.
The evidence that phosphoinositides and DAG play a role in vesicle exocytosis comes largely from non-neuronal cells. Indeed, some of the most convincing work has been done in yeast [38] . In contrast, work in neuronal synapses has revealed a role for phosphoinositides primarily in endocytosis and trafficking stages of the SV cycle [43] . Interestingly, rbo ts mutant NMJs show an SV accumulation much more pronounced than seen in syntaxin mutants, which have a specific exocytosis impairment. Dynamic imaging with styryl dyes (e.g. FM1-43) is needed to ascertain whether independent mutant effects occur on exocytosis and endocytosis. Quantal analysis of spontaneous fusion events would be informative in determining the role of RBO in the fusion process. In addition, a possible role for RBO in the regulation of pre-synaptic excitability or Ca 2+ influx needs to be tested. For all of these studies, it would also be informative to assay the impact of RBO overexpression to determine whether RBO has multiple roles in the synapse and the mechanisms of its requirement in SV priming/ fusion.
Null rbo animals die as anatomically normal but paralysed mature embryos, consistent with the phenotype of conditional rbo ts mutants. However, earlier reports suggested that the gene is required for cell viability [34] . Whether RBO has a role in neuronal viability is not known. Mosaic knockout of neuronal rbo will determine its overall role in neuronal mechanisms. Curiously, while we have demonstrated an acute requirement for RBO in phototransduction and glutamatergic transmission at the DLM synapse, other categories of NMJs examined in the adult, larva and embryo do not exhibit the same acute requirement. RBO appears to be expressed in all synaptic classes throughout development. However, null rbo mutant NMJs in the embryo display apparently normal synaptic transmission and rbo ts mutant larval NMJs show apparently normal synaptic function for at least 30 min at restrictive temperature (R. Mohrmann and K. Broadie, unpublished work). Even in the adult, 'slower' NMJs do not appear to show the same acute requirement as the 'fast' flight muscle NMJs or the central synapses of the GF (giant fibre) escape circuit. These unexpected findings may reflect, in part, an inherent activity dependence for the RBO requirement in different subsets of neurons and synapses. For example, phototransduction is abolished in <1 min when rbo ts mutants are placed in the light, but recovers after only a few minutes in the dark [4] . By analogy, classes of synapse with different activity levels may have a different requirement for RBO, producing an apparent synapse specificity of the mutant phenotype. These observations suggest that RBO may play synapse-specific roles, providing a possible mechanism for differential synaptic regulation.
